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1. Introduction  
1.1 Background 
Pulverized fuel combustion systems are widely used in thermal power plants. Plant 
performances vary with solid fuel properties, but it is difficult to evaluate the effects of fuel 
properties using large scale facilities. Fundamental experimental techniques are required to 
evaluate the effects for actual systems. Small scale experiments are comparatively low-
priced and simple, and they require a comparatively short time and small amount of coal. In 
the present study, we focused on ignition properties. First, we developed a fundamental 
experimental technique to examine ignition performances of various coals. Then, we 
examined the common point and the differences of ignition phenomena of the actual 
systems by fundamental experiments. Finally, some application examples were considered. 
Ignition properties are fundamental combustion performance parameters for engineering 
design of combustion systems. Many fundamental research studies have been carried out 
regarding coal ignition. Ignition temperature, flammability limit concentration (explosion 
limit concentration) and burning velocity (flame propagation velocity) are important 
ignition performance parameters. We examined a technique for getting these fundamental 
ignition parameters to apply burner design for pulverized fuel combustion systems.  
The ignition temperatures of coals have been extensively measured. For example, a 
thermogravimetric technique [1, 2] and an electrically heated laminar-flow furnace (drop-
tube furnace) technique [3] have been used. The ignition temperature is useful to grasp 
differences in fuel properties and surrounding gas compositions. However, there are some 
problems for applying the ignition temperature data to actual burner designs. For example, 
the ignition temperature sometimes decreases when the particle diameter is increased. Such 
results would lead to the idea that flame stabilization becomes easy when particle diameter 
is increased. However, decreasing the particle diameter is very important to obtain a stable 
flame for actual burner systems.  
In industries handling powders, the prevention of dust explosions is important for ensuring 
safety. Measuring the explosion limit concentration is important and some standard 
experimental devices have been applied to this [4, 5]. Explosion limit concentration has been 
measured for various coals and experimental conditions. It is technically difficult to raise 
fuel concentration for a pulverized coal firing boiler, so measurement of the lean explosion 
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limit concentration is important. Generally, lean explosion limit concentration is low when 
the particle diameter is fine [4]. This tendency accords with the phenomenon experienced in 
actual systems. Explosion limit concentrations are basic data for burner designs. At the very 
least, coal concentration should be larger than the lean explosion limit concentration. 
However, there are two problems for application.  
1. The flames formed by explosion limit experiments are unsteady. It is necessary to 
clarify common points and differences with the continuously formed burner flame. 
2. Influence of heat loss on flame stability is large for pulverized coal flames.  
For actual boilers, the coal flames are surrounded by the furnace wall. The furnace wall 
temperature is several hundred degrees Celsius for a water wall, and it is larger than one 
thousand degrees Celsius for a caster wall. On the other hand, wall temperatures are usually 
room temperature for the experimental devices used to measure explosion limit. It is 
necessary to establish a procedure to correct for the influence of heat loss from the flame to 
surroundings. 
Burning velocity (flame propagation velocity) has been used widely for gas combustion as a 
basic physical quantity [6, 7]. Burning velocity affects the burner design. Generally, velocity 
of fuel and air injected from the burner are regulated in response to burning velocity. 
However, there have been only a few studies about these topics for pulverized coal 
combustion. Flame propagation velocities of pulverized coals were measured in the 
microgravity condition [8, 9]. Fujita et al. [8] examined the effect of surrounding oxygen 
concentration and pressure on flame propagation velocity, while Suda et al. [9] examined 
flame propagation velocities for oxy-fuel combustion conditions. Chen et al. [10] and 
Taniguchi et al. [11] developed laser ignition equipment to examine flame propagation 
velocity of pulverized coals. As well, Taniguchi et al. [12] examined the relationship 
between flame propagation velocity and lean flammability limit for various coals.  
In the present study, we introduce procedures to apply these fundamental experiment 
results to burner design. A basic model of the flame propagation was examined at first. 
Then, effects of experimental conditions, such as coal properties, particle diameters, and 
surrounding gas compositions, were examined. The laser ignition experiments provided an 
unsteady flame. Ignition phenomena obtained with the laser ignition experiments were 
compared with those of continuous flames. Some correction procedures were introduced to 
apply the fundamental data to actual burner designs. Finally, a case study was introduced to 
obtain stable combustion for some biomass fuels. 
1.2 Ignition and flame propagation phenomena for pulverized coal combustion 
Recently, reduction of CO2 emissions is required for coal fired thermal power plants. To 
achieve this, various approaches have been taken. Ultra supercritical power plants have 
been developed for improvement of power efficiency [13]. Oxy-fuel combustion technology 
is being pursued for carbon capture and storage [14]. Further reduction of the 
environmental load, such as NOx reduction, is also still required [15].  
Numerical simulations such as computational fluid dynamics (CFD), are very important to 
design such new technologies. Figure 1 shows an example of a CFD calculation for a 
pulverized coal firing boiler [16-18]. The temperature distribution is shown in the figure as 
well as examples of items targeted for the evaluation. Numerical analyses were first applied 
to evaluate heat absorption by the furnace wall [19], since then they have been applied to 
such environmental performance factors as NOx emission [20, 21] and to control furnace 
wall corrosion [22]. Evaluation of flame stability, such as prediction of blow-off limit, is 
possible, but, this evaluation is relatively difficult [23, 24]. 
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Fig. 1. Schematic of a pulverized coal fired boiler and results that can be calculated by using 
CFD. 
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Fig. 2. Examples of detailed calculated results of pulverized coal combustion. 
Figure 2 shows the temperature distribution (a) and streamlines (b) in a burner 
neighborhood. A recirculation flow is formed around the burner exit. Pulverized coals are 
ignited by the high temperature gas in the recirculation flow. It is necessary to meet 
following three conditions to form a stable flame. 
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1. The coal + air mixture at the ignition point is flammable. 
2. Coal particles are heated by high temperature gas in the recirculation flow. 
3. Coal particles are also heated by radiant heat from the surroundings. 
The conditions (1) and (3) were investigated by fundamental experiments. Flame stability 
can be examined more precisely by combining the fundamental experiments and CFD 
calculations.  
Table 1 lists examples of coals used for power plants and their properties that were 
examined. Recently, the range of studied fuel properties has been spreading. The 
establishment of combustion technology that can support a wide range of fuel properties is 
required.  
 
Fuel type
Higher calolific
value
volatile
matter
Fixed
carbon
ash C H O N S
(MJ/kg, dry)
biomass 19.7 76.4 20.4 3.2 49.8 6.3 43.5 0.4 0.01
Lignite 26.5 36.8 35.2 28.0 70.7 4.9 23.1 1.0 0.3
sub-bituminous 26.9 44.5 41.4 14.1 76.3 6.4 15.3 1.3 0.7
sub-bituminous 27.2 42.5 49.0 8.5 69.1 5.4 23.8 1.1 0.6
hv-bituminous 32.4 37.6 55.1 7.3 83.6 5.5 7.7 1.6 1.5
hv-bituminous 29.7 32.5 53.2 14.3 83.4 5.4 8.8 1.9 0.5
mv-bituminous 30.9 21.8 70.8 7.4 87.6 4.7 4.9 2.1 0.8
lv-bituminous 29.3 14.3 68.8 16.9 89.0 4.3 4.6 1.6 0.4
petroleum coke 36.8 11.8 85.9 2.5 86.3 3.9 1.3 2.9 5.7
(wt%, dry ash-free)(wt%, dry)
 
Table 1. Examples of coal used for power plants and their properties 
Object of this chapter is to develop a model to predict lean flammability limit and flame 
propagation velocity for pulverized solid fuels, and to apply the model to engineering 
design for burner systems. 
2. Laser ignition experiments 
2.1 Experimental equipment 
Figure 3 shows a schematic of the laser ignition equipment [10-12, 25]. Uniformly sized 
pulverized coal particles were suspended in a laminar upward flow and rapidly heated by a 
single-pulsed YAG laser. Velocity of the upward flow was controlled according to the 
particle diameter. The heated pulverized coal particles were burned in the quartz test 
section (50mm cross section area). Emissions from the igniting and burning particles were 
detected with three photomultiplier tubes (PMTs) and the events were concurrently 
recorded with a high speed camera. 
A He-Ne continuous sheet laser (sheet width 3x10 mm; energy flux around 2x10-2 W/m2) 
was irradiated horizontally at the ignition point. The particle concentration was measured 
from the intensity of particle scattering by the He-Ne laser. Another continuous laser 
(copper vapor laser: maximum laser power 15W; wavelength 488 and 515 nm) was used to 
reveal the effect of radiant heat loss on the ignition characteristics. The radiant heat loss was 
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Fig. 3. Schematic drawing of laser ignition experiments 
larger for the basic equipment because the quartz wall of the cross-sectional area was kept at 
room temperature. The effect of radiant heat loss was examined by varying the energy flux 
of the copper vapor laser. The laser beam was supplied through an optical fiber. The beam 
diameter was controlled using a collimating lens and concave mirror. Usually, the beam 
diameter was 15 mm around the ignition point. 
The advantage of the laser ignition experiments is the ability to observe ignition phenomena 
which are similar to actual combustion phenomena, by using a very little amount of coal 
sample. Both flame propagation velocity and lean flammability limit can be obtained. 
Observed flame images are shown in Fig.4. Flame propagation velocity was analyzed by 
increasing the flame radius [11]. Photos of the flame of a hv-bituminous coal (high volatile 
content) and a lv-bituminous coal (low volatile content) are shown in the figure. The flame 
of the hv-bituminous coal grew faster than that of the lv-bituminous coal. Flame 
propagation velocity was large when volatile content was high. Both flames of fine particles 
and coarse particles are shown for lv-bituminous coal. When particle diameter was fine, 
flame propagation velocity was large. Lean flammability limit was analyzed by measuring 
the lower limit of particle concentration at which the flame could grow [11]. When coal 
concentration was high; almost the same as that for actual systems, the flame moves from 
the particle directly heated by the pulsed YAG laser to neighboring particles; in this way the 
flame grew. We defined these phenomena as flame propagation [11, 25]. Only particles 
directly heated by the pulsed laser burned when the coal concentration was low. Under this 
condition, we could observe ignition phenomena of a single particle [10, 26].  
It is important to have particles stand still as much as possible, in order to obtain 
reproducible data. Prior to experiments, we observed the stationary state of the particles. 
Figure 5 shows photos of floating particles near the ignition point when suspended in N2 
flow. Scattering of the He-Ne sheet laser was used for observation. Particles were scattered 
symmetrically judging from the photos. Particle concentration was evaluated by the 
intensity of scattering light. Optimum velocity of the upward flow and timing of the laser 
irradiation were decided, so that variation of particle concentration with time became small 
just before the YAG laser irradiation. 
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Fig. 4. Examples of flame propagation phenomena obtained from the laser ignition 
experiments. 
 
 
Fig. 5. Observation of floating particles. 
2.2 Basic model for ignition and flame propagation 
Figure 6 summarizes the basic phenomena of flame propagation. One of two particles burns 
first, then, the other particle is ignited by the heat of combustion of the one burning particle. 
When the first particle ignites, volatile matter is pyrolized. A volatile matter flame is formed 
around the first particle. The flame grows due to volatilization, and the flame heats the next 
particle which has not ignited yet. Flame propagation is observed if the first burning particle 
can transfer the flame to the next particle before the volatile matter combustion of the first 
particle has finished. We defined the distance between particles as d and the time of flame 
propagation as s. Flame propagation velocity Sb was defined as the value of d divided by s. 
Relationships between d and s under various experimental conditions were analyzed. 
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Fig. 6. Basic model for flame propagation. 
An example relationship between coal concentration and flame propagation velocity is 
shown in Fig.7 [12]. Coal concentrations and flame propagation velocities are shown as 
normalized values. The coal concentration was in inverse proportion to the third power of 
the distance d. When the coal concentration increased, flame propagation velocity increased. 
But there was an upper limit value (Sb-max) to the flame propagation velocity. The flame 
propagation velocities were almost zero at the lean flammability limit. Absolute values of L 
and Sb-max were found to vary with coal properties and burning conditions. An example 
relationship between L and Sb-max is shown in Fig. 8. Lean flammability limit; L was 
inversely proportional to maximum flame propagation velocity; Sb-max [12].  
 
 
Fig. 7. Relationship between coal concentration and flame propagation velocity [12]. 
Data on bituminous coals and anthracites of the same particle diameter were obtained under 
various burning conditions [12], and the effect of particle diameter was examined [11, 25]. 
Relationships between L, Sb-max and particle diameter Dp are summarized by Eqs. (1)-(3). 
 Sb-max  ∝ 1 / L                                     (1) 
 L / Sb-max ∝ Dp2                                        (2) 
 L  ∝  Dp1.5                                     (3) 
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Fig. 8. Relationship between maximum flame propagation velocity Sb-max and lean 
flammability limit L [12]. 
2.3 Effects of experimental conditions on flame propagation performances for laser 
ignition experiments 
Ignition properties of solid fuel vary significantly with fuel properties. One of the most 
important things is to keep the fuel concentration within the flammable condition, to form a 
stable flame. Effects of fuel properties on lean flammability limit were examined 
experimentally at first. Figure 9 shows the lean flammability limit L at the same diameter 
with different volatile contents of coals. The evaluation method of lean flammability limit 
has been shown elsewhere [11, 25]. The vertical axis of Fig. 9 is the reciprocal of the lean 
flammability limit concentration. Lean flammability limits were low for high volatile coals.  
The growth rate of the volatile flame is usually large for high volatile coals, because the 
pyrolysis rate is usually large. The flame propagation time s in Fig. 6 was short. The amount 
of volatile matter was large for high volatile coals, so that the volatile flame which formed 
around a particle became large. The flame could be transmitted in a short time from one 
burning particle to another, even though the distance between the particles d was large.  
 
 
Fig. 9. Effects of coal properties on lean flammability limit. 
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The lean flammability limit of solid fuels is related to the pyrolysis rates and the amount of 
pyrolized fuel [24]. The lean flammability limit can also be evaluated by using pyrolysis 
experiments. Examples of pyrolysis calculations for various fuels are shown in Fig.10. The 
calculation method has been shown elsewhere [24, 25]. The relationship between heating 
time and amount of pyrolized volatile matter was calculated when the particle was heated 
at a rate of 20000K/s. The distributed activation energy model (DAEM) was used for the 
pyrolysis [24-29]. The pyrolysis rate dV/dt was calculated by Eq. (4). 
 
 dV
dt
V∞∫ Av e=
0
∞
-Ev/RTp
exp [-∫
0
t
Av e
-Ev/RTp(t’)
dt ] f(Ev) dEv
      
(4)
 
The initial mass of volatile matter V∞ was evaluated by Flashchain [29]. The function f(Ev) 
shows the distribution of the activation energies and the frequency factor (Av). As shown in 
equations (5) and (6), f(Ev) is expressed as a summation with more than one normal 
distribution function. The function f(Ev) gives results that approximately agree with the 
experimental results for each coal type. 
 
 
f(Ev) = Σ
i=1
n
√2䃟
ai
Eσi
exp [-(E-Eavi /2Eσi2]
         
(5)
 
 
 Σi=1
n ai = 1
  
 (6)
 
 
. 
Fig. 10. Examples of pyrolysis calculation results for evaluating lean flammability limit. 
In general, pyrolysis started at low temperature and the amount of pyrolized volatile matter 
increased when volatile content of fuel increased, as shown in Fig. 10. We assumed that L 
was in inverse proportion to the amount of pyrolized volatile matter 
Figure 11 compares estimated L values based on the pyrolysis calculation with measured 
values. The pyrolysis rate constant was fitted by thermogravimetric analyses [27]. The 
estimated values agreed with the experimental values. Pyrolysis rates and amount of the 
pyrolized fuels was strongly related to lean flammability limits. 
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Fig. 11. Relationship between pyrolysis property and lean flammability limit. Estimated 
flammability limit based pyrolysis calculations are compared with measured lean 
flammability limits. 
The particle diameter also strongly influences lean flammability limit. When the diameter is 
uniform, the lean flammability limit is proportional to the 1.5th power of the particle 
diameter and the maximum distance between particles for flame propagation is 
proportional to the square root of the diameter [11].  
The solid fuels are ignited by the following.  
1. The particles are heated from the surroundings 
2. The particle temperature increases, then, volatile matter is pyrolized. 
3. The concentration of pyrolized volatile matter increases, then, pyrolized volatile matter 
and particles ignite. 
When the particle diameter is large, a rise of particle temperature in (2) becomes slow.  
 
 
Fig. 12. Effect of particle diameter on pyrolysis property. 
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Effect of particle diameter on pyrolysis characteristics was examined. The results are shown 
in Fig.12. Pyrolysis processes were calculated when the surrounding gas temperature was 
heated at a constant rate. Heating rate of surrounding gas was 20000K/s. Figure 12(a) shows 
time changes of the amount of pyrolyzed volatile matter, and Fig. 12(b) shows time changes 
of the particle temperature.  
The method of calculation has been shown elsewhere [27]. Heat balance of particles was 
written as 
 
 
Cp䃠Vp = Sh(Tｇ– Tp) – S εσ( Tｐ4 – Tw4) 
dTp
dt  
  (7)
 
where Cp is specific heat of particles, h is convective heat transfer coefficient, Tg is gas 
temperature, Tp is particle temperature, Tw is wall temperature, S is external surface area of 
particles, ρ is particle density, ε is particle emissivity, and σ is the Stefan-Boltzmann constant. 
Cp was assumed to be the same as graphite, and taken from Merrick [30]. h was obtained by 
assuming that the Nusselt number was 2 [10]. Tw was 300K. ρ was assumed as 1.4 kg/m3. 
εwas assumed as 0.8. σ was 5.67x10-8 W/m2K4.  
Figure 12(a) shows time changes of the particle temperature. When particle diameter was 
small, 0.022 mm, particle temperature increased as soon as gas temperature rose. The gap 
between the particle temperature and the gas temperature was small. When the particle 
diameter became large, the rise in temperature became slow. Fig. 12(b) shows time changes of 
the amount of pyrolyzed volatile matter. Pyrolysis became slow when the particle diameter 
became large, so that ignition became difficult; i.e. lean flammability limit became large.  
 
 
Fig. 13. Effect of particle diameter on lean flammability limit. 
Figure 13 shows the relationship between particle diameters and estimated and measured lean 
flammability limits. Measured lean flammability limit increased with diameter. It was almost 
proportional to the 1.5th power of the diameter. Estimated results reproduced the tendency. 
Recently, development of oxy-fuel combustion technology has been particularly active using 
pilot-scale plants [14]. Fundamental studies of ignition for oxy-fuel combustion have also 
been promoted [9, 31, 32]. Suda et al. [9] examined flame propagation velocity under N2/O2 
and CO2/O2 surroundings. When the oxygen concentrations were the same, flame 
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propagation velocities for CO2/O2 combustion were lower than those for N2/O2 
combustion; ignition became difficult for oxy-fuel combustion. Effect of surrounding gas 
composition should be modeled to allow application of ignition studies to oxy-fuel 
combustion systems.  
 
 
Fig. 14. Relationship between flame propagation velocity and flame temperature formed 
around the particle [12]. Experimental data were obtained from Suda et al. [9]. 
The experimental data have been analyzed by paying attention to the flame temperature 
formed around the particles [12]. Figure 14 shows the relationship between flame 
temperatures and maximum flame propagation velocities. Tad in the horizontal axis is the 
adiabatic flame temperatures of volatile matter under the stoichiometry condition [12]. The 
maximum flame propagation velocity could be predicted from the flame temperature with 
no dependence on the surrounding gas composition. The relationship between maximum 
flame propagation velocity and lean flammability limit was already shown in Fig. 8, so that 
the lean flammability limit could also be predicted from the flame temperature. 
 
 
Fig. 15. Calculated adiabatic flame temperatures of volatile matter at stoichiometry 
condition, under various coals and surrounding gas compositions. 
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The primary reason why the flame propagation velocity for the CO2/O2 combustion was 
small is that the flame temperature was low, because the specific heat was large. Figure 15 
shows adiabatic flame temperature of volatile matter for various coals. When the 
surrounding gas compositions were the same, effects of coal properties on the adiabatic 
flame temperatures were small. The adiabatic flame temperature varied when 
surrounding gas compositions was changed. When oxygen concentrations were the same, 
the adiabatic flame temperature for oxy-fuel combustion was lower than that of air 
combustion; ignition for oxy-fuel combustion was difficult. For oxy-fuel combustion, 
oxygen concentration should be increased to around 30%, in order to secure the same 
ignition performance as air combustion.  
Based on these fundamental results, we developed the model to predict both flame 
propagation velocity and lean flammability limit [11, 24]. Verification examples are shown 
in Fig. 16. Calculated results agreed well for various coal properties and experimental 
conditions. 
 
 
Fig. 16. Verifications of the developed flame propagation model. 
3. Lift-off height measurement of pulverized coal jet flame ignited by a 
preheated gas flow 
3.1 Experimental equipment 
Lift-off height is usually used for an index of flame stability of continuous gas and liquid 
flames [33]. This index is used for verification of numerical calculations. However, it has not 
been examined for coal combustion using simulations. We developed an experimental 
apparatus to evaluate lift–off height of continuous coal flames, and LES (large eddy 
simulation) results were verified with the experimental results [23].  
Figure 17 shows schematic drawings of the pulverized coal jet flame experiment [27]. The 
mixture of coal and air was injected through a primary nozzle installed at the centreline of 
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the preheated gas flow and ignited by the surrounding preheated gas. Maximum coal feed 
rate was 2 kg/h and maximum flow rate of primary air was 3 m3N/h. The nozzle was made 
of stainless steel and consisted of two concentric tubes with an inner diameter of 7 mm and 
outer diameter of 25 mm. The injected coals were ignited in the combustion area (open area). 
Lift-off heights were observed by using a high-speed camera. The surrounding preheated 
gas was supplied though a honeycomb (100mm square, 30 mm thick) which was 
symmetrically placed around the nozzle exit. The surrounding gas was formed by catalytic 
combustion of propane [34]. At first, air was preheated to around 700K by the electrical 
heater. The preheated air and primary propane mixture was burned in the honeycomb 
catalyst. The burned gas was mixed with secondary propane downstream form the catalyst. 
Finally, the gas was heated to 1400-1600K by combustion of secondary propane on the SiC 
honeycomb. Maximum flow rate of the surrounding preheated gas was 36 m3N/h.  
 
 
Fig. 17. Schematic drawing of an ignition experiment for lift-off height measurement of 
continuous flame. 
The combustion gas flowed to the outlet through the exhaust hood and the duct. The 
Reynolds number of the primary jet was about 4500. The inlet stoichiometric ratio (SR) is the 
most important operating parameter for ignition in this experiment. Downstream from the 
outlet, a blower vigorously sucked in flue gas. Thus some air was taken from the open area. 
Prior to the experiment, the amount of the suction flow was estimated from the difference 
between the amount of the flue gas at the blower and the amounts of the primary air and the 
preheated gas. The velocity on the side boundary was estimated as 0.16 m/s. 
3.2 Flame structure 
Figure 18 shows a series of photos showing the ignition process of hv-bituminous coal. 
Figure 18(a) reproduces instantaneous photos and (b) is the averaged photo. Coal particles 
were ignited around 150mm downstream from the burner exit [27, 35]. Burning coal 
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particles were not observed from the burner exit to 150mm downstream. Coal particles were 
preheated by surrounding gas in this region. Small flames were observed at 150 mm. These 
small flames grew further downstream, and, formed large flames. A large continuous flame 
was observed at 200-300 mm. These flame growth phenomena were similar to flame 
propagation phenomena observed by the laser ignition experiments. The averaged photo 
showed that the flame luminousness started to increase around 150mm. Lift-off height was 
defined as the distance between the burner exit and the position that the flame 
luminousness started to increase.  
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Fig. 18. Example series of flame photos of pulverized coal ignition. Coal particles were 
ignited by injecting high temperature gas flow. 
Figure 19 shows gas temperature, gas composition, and coal burnout profiles along the 
center axis. Coal concentration in the primary air for Fig. 19 was lower than that for Fig. 18, 
so that, lift-off height of Fig. 19 was larger than that of Fig.18. Figure 19(a) shows coal 
burnout profiles. Volatile content of the coal was around 35vol% (dry, ash-free basis). 
Pyrolysis of fine coals (<0.037 mm) began before ignition. Particle diameter was a very 
important factor for ignition. The combustible gas formed by pyrolysis of fine particles was 
strongly related to ignition [23, 27]. Pyrolysis of intermediate size coals (0.037-0.074 mm) 
began at the ignition region where the small flames formed and grew. Pyrolysis of large 
coals (>0.074 mm) began after a large continuous flame was formed. The fine particles could 
strongly contribute to promotion of ignition. The intermediate size particles could also 
contribute, but, the effect was not large. The large particles could not contribute very much.  
Figure 19(b) shows gas temperature profiles. A profile when coal was not supplied is shown 
for comparison. When the luminous flame was formed, the heat of coal combustion was 
released, so that the gas temperature when coal was present was larger than that without 
coal. Figure 19(c) shows O2 and NOx concentration profiles. Oxygen consumption began 
when the luminous flame was formed. NOx concentration started to increase rapidly after 
ignition. The rise of NOx is a good index to judge ignition [3].  
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Fig. 19. Axial profiles of coal burnout, gas temperature, O2 and NOx in the ignition area of 
coal combustion. 
 
 
Fig. 20. Particle emission intensity and temperature in the ignition area of hv-bituminous and 
sub-bituminous coal flames. Particle temperature was measured using a two-color pyrometer. 
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Particle temperatures (or soot temperature of coal flames formed around the particle) in the 
ignition region were measured by a two-color pyrometer. The results are shown in Fig.20. 
Emission intensities and particle temperatures of hv-bituminous and sub-bituminous coals 
were measured. Emission intensity of sub-bituminous coal was larger than that of hv-
bituminous coal. Measured particle temperatures of the two kinds of coals were almost the 
same. Measured temperatures were around 2200-2300K. These values were almost the same 
as the adiabatic temperature of the volatile flame formed around the particle (Fig. 15). 
Averaged gas temperature in the ignition region was around 1000-1300K (Fig. 19). When the 
coal ignited, particle temperature increased rapidly.  
3.3 Relation between the experiments of continuous flames and the laser ignition 
experiments 
In Section 2, we described verification of the flame propagation velocity and lean flammability 
limit model by laser ignition experiments; these were for unsteady combustion. Then here we 
verified whether this model could be applied for examination of flame stability for stable 
flames. Lift-off height is usually used for an index of flame stability. Yamamoto et al. [23] have 
examined the effect of coal concentration on lift-off height for coal combustion by LES. The 
flame propagation velocity and lean flammability limit model could successfully evaluate the 
relationship between coal concentration and flame propagation velocity. They showed that if 
flame propagation velocity was large, coal could ignite easily.  
Lift-off heights were measured for three different primary coal concentrations. Results are 
shown in Fig.21. The horizontal axis is the calculated flame propagation velocity at the 
burner exit. A good relationship was observed between calculated flame propagation 
velocity and lift-off height. When coal concentration increased, flame propagation velocity 
rose, so that lift-off height became short because coal ignition became easy. Fig. 21 shows 
results for hv-bituminous coal. A similar conclusion has been obtained for lv-bituminous 
coal [24]. The flame propagation velocity and lean flammability limit model could also be 
applied for continuous and stable flames.  
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Fig. 21. Effect of primary coal concentration on lift-off height of hv-bituminous coal flames. 
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4. Application to burner development 
In Section 2, we developed the flame propagation velocity and lean flammability limit 
model by analyzing the result of the laser ignition experiments. In Section 3, the model was 
applied to examine flame stability of the stable continuous flames. In this section, we paid 
attention to engineering designs of commercial or pilot scale systems.  
Figure 22 is a schematic of the actual boiler and burner arrangement [21]. Blow-off limit fuel 
concentration of the installed burner is an important design parameter. However, it is not 
easy to measure the blow-off limits for large scale burners. Development of the model is 
required to predict the blow-off limits for various burning conditions from limited 
experimental data.  
For actual systems, plural burners are usually installed in one furnace. An example of the 
burner arrangement is shown on the right side of Fig.22. Heat loss rate from the ignition 
region of the flames to the furnace wall for actual systems is different from that for small 
scale equipment. Usually, the heat loss rate for actual systems is small, because one flame is 
heated by other flames in the neighborhood. Furnace water wall temperature is usually high 
for actual systems. The influence of radiant heat loss on flame stability should be modeled.  
At first, we simulated the influence of radiant heat flux from surroundings to the flame by 
using the laser ignition equipment. Figure 23 shows the relationship between the radiant 
heat flux and lean flammability limit. The radiant heat was given by irradiating a 
continuous laser to the floating pulverized coal particles (Fig.3). The radiant heat flux was 
regulated by controlling the power of the continuous laser. Usually, the water wall 
temperature of boilers is 600-700K, and this is equivalent to 1-2 x104 W/m2 of heat flux. The 
heat flux rose more when one flame received radiant heat from other flames.  
 
 
Fig. 22. Example burner arrangement of a pulverized coal fired boiler. 
According to Fig. 23, the basic expression of the influence of the radiant heat flux was Eq. 
(8)[21] 
 1/L = 1/L0 + a Ra      (8) 
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where L is lean flammability limit, L0 is lean flammability limit for the standard condition, 
Ra is radiant heat flux, and a is a constant.  
 
 
Fig. 23. Effect of radiant heat flux from surroundings to flame on lean flammability limit [21]. 
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Fig. 24. Example of procedure to evaluate the effect of the radiant heat flux for large scale 
burners [36]. 
Figure 24 is an example of the procedure to measure influence of the heat loss by using 
pilot-scale burners [36]. The pilot-scale burners were almost the same size as for 
commercial-scale boilers; however, the number of installed burners was smaller. In many 
case, one large burner was installed for the pilot-scale furnaces. When one burner was 
installed in the furnace and was surrounded by a water wall, the radiant heat flux from the 
surroundings was lower than that for commercial-scale boilers. In order to simulate the 
radiant heat flux for commercial-scale boilers, a part of the furnace wall was surrounded by 
a caster wall. The effect of the radiant heat flux on flame stability could be evaluated by 
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varying the area of the caster wall. Blow-off limit for commercial-scale boilers could be 
analyzed from the experimental data by using Eq. (8) [21].  
Figure 25 shows the relationship between fuel properties and blow-off limit fuel 
concentration. The developed model shown in Sections 2 and 3 could predict the effects of 
fuel properties, particle diameters, and surrounding gas conditions. Blow-off limit (lean 
flammability limit for actual boiler conditions) could be evaluated by adding the influence 
of the radiant heat flux. The results of Fig.25 showed that calculated results agreed with 
experimental results for anthracite, lv-bituminous coals, and hv-bituminous coals [25].  
If calculations are verified for several kinds of fuels, blow-off limits for other fuels can be 
evaluated. Calculated results of blow-off limit for some wood powders are also shown in 
Fig.25. Biomass fuels are started to be used as an alternative fuel for pulverized coal fired 
boilers [37]. One of the problems with their use however was that fine grinding was 
difficult. If the blow-off limit for biomass fuels can be predicted, an appropriate grinding 
condition can be decided beforehand. 
 
 
Fig. 25. Effects of coal properties on lean-blow-off limit for a large scale burner. 
The effects of diameter on ignition performances for the wood powder were examined in 
detail. Figure 26(b) shows relationships between fuel concentrations and flame propagation 
velocities. Figure 26(a) shows diameter distributions for wood powders and hv-bituminous 
coal used for the case studies. The results for four wood powders and one hv-bituminous 
coal are shown. Hv-bituminous coal is used widely as fuel for boilers. If flame propagation 
velocity of the biomass fuel is the same as that of hv-bituminous coal, this biomass fuel is 
easy to use. Among CASEs I - IV, flame propagation velocity of CASE IV was almost the 
same as for that of hv-bituminous coal  and the diameter distribution of CASE IV was 
appropriate.  
Lift-off height of CASE IV was compared with that of hv-bituminous coal experimentally. 
The results are shown in Fig. 27. Fuel concentrations were the same. Lift-off height of CASE 
IV was almost the same level as that of bituminous coal, so that CASE IV was appropriate as 
the alternative fuel for pulverized coals.  
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Fig. 26. Relationships between fuel concentration and calculated flame propagation 
velocities for various coal and wood powders. 
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Fig. 27. Comparison of lift-off heights between hv-bituminous coal and wood powder  for 
the same primary fuel concentrations. 
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5. Conclusion 
Application of fundamental ignition experiments for a flame stabilization study was 
examined for engineering design of coal power plants. A model to evaluate flame stability of 
small scale experiments and large scale burners was developed based on the fundamental 
experimental results.  
1. A flame propagation velocity and lean flammability limit model for pulverized solid 
fuels was developed by analyzing fundamental experimental results obtained in laser 
ignition experiments. The model could predict the effects of fuel properties, particle 
diameters and surrounding gas compositions on flame propagation velocity and lean 
flammability limit.  
2. The model could be applied for flame stabilization study of coetaneous stable flames. 
Lift-off height of continuous coal flames could be evaluated from calculated flame 
propagation velocity by using the model.  
3. The model could evaluate blow-off limit of large scale burners. It was found important 
to evaluate the difference between the effect of heat loss rate of small scale equipment 
and large scale burners. Case studies were introduced to obtain stable combustion for 
some biomass fuels. 
6. Nomenclature 
Av: frequency factor of pyrolysis (1/s) 
Cp: specific heat of particles (J/kg K) 
Dp : coal particle diameter (m) 
Eavi: average activation energy (kJ/mol) 
Ev: activation energy of the pyrolysis (kJ/mol) 
Eσi: standard deviation of activation energy (kJ/mol) 
h: convective heat transfer coefficient (W/m2 K)) 
L: lean flammability limit (kg/m3N) 
R: gas constant = 8.314 (J/mol K) 
Ra: radiant heat flux from surroundings to flame (W/m2) 
S: external surface area of particles (m2) 
Sb: flame propagation velocity (m/s) 
Sb-max: maximum flame propagation velocity (m/s) 
SR: stoichiometric ratio (-) 
Tg: gas temperature (K) 
Tp: particle temperature (K) 
Tw: wall temperature (K) 
V : amount of volatile matter at an instant in the pyrolysis (kg) 
Vp: volume of particle (m3) 
V∞: initial amount of volatile matter (kg) 
ai: constant (-) 
b: constant (-) 
d: distance between coal particles (m) 
n: number of distribution functions of activation energy (-) 
s: flame propagation time (s) 
t: time (s) 
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ε: emissivity of particle (-) 
ρ: particle density (kg/m3) 
σ: Stefan-Boltzmann constant; 5.67x10-8 W/m2K4  
Subscripts  
i: i th component of volatile matter  
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